1.Introduction. The evolution of a more sustainable, environmentally benign energy supply is a key for future development and economic growth. There is an urgent need for energy storage and conversion devices (ESCs) that would be available in quantities, and at a cost, that is competitive with fossil fuels. Typical ESCs include solar cells, fuel cells, water electrolysers, supercapactors and rechargeable batteries. Widespread adoption of these technologies is currently hindered by several factors including performance, material stability and cost.
1 At the heart of these issues are the properties of the nanostructured materials employed in such devices. 2 The successful development of new nanostructured materials in this regard would represent a key step forward in ESCs technology. Recently, two-dimensional materials such as graphene and MoS 2 have shown great promise in ESCs applications because of their high surface area and properties that are distinct from their bulk counterparts. 3 4 Layered molybdenum disulfide exhibits two possible phases, the naturally occurring semiconducting phase (2H-MoS 2 ), and a non-naturally occurring metallic state (1T-MoS 2 ) that can be prepared by intercalation chemistry. 5 The 2H phase is semiconducting with a direct bandgap of ~1.9 eV for monolayer sheets. 6 The 1T phase though is metallic with a conductivity up to 10 7 times higher than the 2H phase. 7 Metallic phase MoS 2 nanosheets are very attractive for a number of electrochemical applications including as supercapacitor electrodes, as catalysts for hydrogen evolution and in dye-sensitised solar cells. [7] [8] [9] [10] [11] For example, Chhowalla et al. recently demonstrated that the gravimetric capacitance of chemically exfoliated 1T-MoS 2 in aqueous electrolyte was 20 times higher than that of the 2H phase. 7 The ability of 1T-MoS 2 to intercalate various ions, coupled with its high electrical conductivity and hydrophilicity, were suggested as reasons for this good performance. 7 In the case of the hydrogen evolution reaction (HER), unlike the 2H-MoS 2 where the basal plane is catalytically inert towards HER, the basal plane of 1T-MoS 2 was found to be the main active site for HER resulting in a significant enhancement in the overall catalytic activity. 9, 12 The development of a simple and efficient route for synthesizing this material therefore is key to harnessing its potential. To this end, a few synthetic methods have been reported to produce 1T-MoS 2 including top-down (chemical exfoliation) and bottom-up (hydrothermal synthesis) approaches. 11, 13, 14 The most common method for producing 1T-MoS 2 nanosheets involves organolithium intercalation between the layers of bulk MoS 2 . 8, [13] [14] [15] [16] This process starts first by reacting butyllithium with MoS 2 to produce Li x MoS 2 . 13, 16 Then, the resulting Li intercalated bulk MoS 2 is immersed in water and sonicated to exfoliate it down to monolayer to few layer thick MoS 2 nanosheets with dimensions typically of submicron lateral size. 15, 17, 18 Whilst this method is attractive due its high yield of monolayer MoS 2 sheets, it also has some major drawbacks; the process requires a long lithiation time (2-3 days) under reflux (100 °C) conditions. 13 19 Furthermore, organolithium compounds are highly pyrophoric so must be handled away from oxygen and moisture, restricting the reaction to a glove box. 20 In an attempt to simplify the synthetic procedure, some groups proposed a bottom-up approach using a hydrothermal process. 11, 21 According to their reports, this method can produce stable 1T-MoS 2 in large quantities with a high concentration of metallic phase. This process, however, produces thicker MoS 2 nanoplatelets and smaller flakes (∼100 nm). 11 Recently, Zhang et al. developed an electrochemical lithiation method for the synthesis of 1T-MoS 2 . 10 They prepared MoS 2 electrodes by mixing the powder with carbon black (10 %) as a conducting additive and polyvinylidene fluoride (PVDF) as a binder (10 %), and then inserted it into a battery cell within an Ar-filled glove box using metallic lithium as a source of Li. 10, 22 This method proved to be advantageous in terms of controlling the degree of lithium insertion as well as shortening the experimental time scale from days (as in chemical intercalation) to hours. Nonetheless, the use of metallic lithium restricts the intercalation process to controlled, inert atmosphere conditions. The battery-type electrochemical cell setup also presents challenges in terms of scale up. 18 Furthermore, the conducting additive contaminated the exfoliated flakes and may have introduced side reactions during electrolysis. 18 Herein, we report a simple and cost effective bench top experiment which eliminates the use of potentially explosive materials (such as metallic Li or organolithium compounds). MoS 2 pellets (or MoS 2 crystals) were used to demonstrate the principle of our approach. The pellet was made by pressing MoS 2 powder without any conducting additives or polymer binder. Lithium salt was used as a source of Li and inert Pt mesh was used as a counter electrode so that the experiment can be carried out under ambient conditions without the need for a glove box. Electrochemical intercalation of Li + was conducted at a constant potential using 1.0 M LiClO 4 in a mixture of dimethyl carbonate (DMC) and ethylene carbonate (EC) in an open beaker under a N 2 atmosphere. As the intercalated MoS 2 was immersed in water, an instantaneous exfoliation was observed (see Video in supporting document). Characterisation of the exfoliated product was done using X-ray photoelectron spectroscopy, Raman spectroscopy and UV-visible absorption spectroscopy. This confirmed the formation of the 1T-phase with a concentration of 60 %. Significantly, atomic force microscopy (AFM) and Raman spectroscopy indicated that the majority of the flakes were trilayer in thickness. Finally, we show that the as-prepared material could be used as an efficient electrocatalyst for the hydrogen evolution reaction (HER) and as an electrode material for high performing coin cell supercapacitors.
2.RESULTS AND DISCUSSION
Cyclic voltammetry was used to determine the potential at which Li + intercalation occurs into a MoS 2 pellet: Figure 1 shows the cyclic voltammogram (CV) recorded at the MoS 2 electrode in 0.1 M LiClO 4 in DMC/EC mixture under N 2 atmosphere. When the potential of the electrode was scanned in a negative direction, a cathodic current started to flow at approximately −3.0 V vs. Ag wire, and a broad peak was observed between -4.5 to −5.0 V. This process was due to the insertion of Li + into the MoS 2 . 23, 24 In the return sweep, a broad anodic peak was seen at 1.0 V due to the de-intercalation of Li + (Equation 1). The shape of the CV reported here is similar to that reported in the literature except that the peak-to-peak separation of the Li + intercalation and de-intercalation is wider. 25 This could be due to the differing geometry of the electrochemical cell (and scan rate) since we utilised a three electrode cell where the working and counter electrodes were separated by a few centimetres. In contrast, most studies used a two electrode cell in a battery-type (coin cell) configuration which then minimizes the voltage drop. 24, 26 As shown in Figure 1, Furthermore, excessive lithiation also leads to the decomposition reaction. 30 We wish to note that, on the scale of our reference The formation of the 1T-phase in significant concentrations was also more evident by the major decrease in the intensity of the E 1 2g peak after exfoliation. 33 Calandra suggested that J 1 was due to the in-plane shearing mode of one side of the MoS 2 chain relative to the other, J 2 corresponds to the shifts of the S-atom layers with respect to the Mo atoms and J 3 was due to the stretching of one side of the zig-zag chain relative to the other with a slightly out-of-plane component. 34 The peak shape and position of E 1 2g and A 1g was also changed after exfoliation ( Figure 2B ). For example, the half width at half maximum of A 1g increased from 4.5 cm -1 in bulk MoS 2 to 9.5 cm -1 after exfoliation and the peak separation between E 1 2g and A 1g decreased from 26 cm -1 , in bulk MoS 2 , to 23.1cm -1 in exfoliated samples. It has been reported in literature that the Raman spectrum of mechanically exfoliated MoS 2 crystals exhibits a peak separation of ∼20, ∼22 and ∼23 cm -1 respectively for monolayer, bilayer and trilayer MoS 2 nanosheets respectively. 32, 35 Based on this calibration data, the thickness of our exfoliated samples is therefore estimated to be trilayer.
The thickness of the exfoliated samples was further characterised by AFM and Figure 3A shows the typical tapping mode AFM image of the exfoliated MoS 2 flakes that were obtained from a MoS 2 pellet. Statistical analysis of 150 MoS 2 flakes revealed that the majority of the lateral flake sizes vary between 300 nm and 500 nm. However, it is possible to get lateral sizes over 2 µm if the starting MoS 2 material is a natural MoS 2 crystallite ( Figure 3B and 3C), and this observation also the case when the flakes obtained from the two source were analysed by transmission electron microscopy ( Figure S1 ). Remarkably the majority (>95 %) of the flake thicknesses displayed the same topographic height of 4.5 nm regardless of the source of MoS 2 used for exfoliation (MoS 2 powder or crystalline). Previous works showed that the measured flake thicknesses for solution/chemically exfoliated MoS 2 deposited on Si/SiO 2 varied between 1.1 and 1.9 nm for monolayer and ∼5 nm for trilayer nanosheets. 15, 36 The deviations from their theoretical thickness (0.615 nm for monolayer) were attributed to the presence of adventitious adsorbates, trapped or adsorbed water molecules and flake-substrate equilibrium separation. 15, 35 In the case of 1T phase in particular, the excess negative charge formed due to the electron donation from lithium is stabilised by adsorption of water molecules on both sides of the nanosheets which then increases the overall thickness of the flake. 11, 17 The presence of adsorbed water layers on 1T-MoS 2 is supported using powder X-dray diffraction data which shows a diffraction peak at 2θ ≈8 ° that was not present in bulk MoS 2 ( Figure S2 ) and the corresponding d-spacing is 1.1 nm. Previous work attributed this process to the adsorption of bilayer water molecules between the adjacent layers of MoS 2 nanosheets. 17 A broad diffraction peak also seen at 14.5° (002) with interlayer distance of 6.1 nm, and no other peaks were observed unlike in bulk MoS 2 . We should also note that a few flakes showed a was estimated as 0.26 nm 17 . Therefore, the thickness of a monolayer of MoS 2 covered with a bilayer of water molecules would equal 1.14 nm -similar to the interlayer spacing measured using XRD. The flake thickness and its diffraction pattern was also analysed by high resolution TEM. The majority of the flakes analysed formed trilayer MoS 2 nanosheets although there are some monolayer, bilayer, and multilayers (≥4) structures (see Figure 4B and Figure S3 ). It is interesting to note that the interlayer spacing of the nanosheets was consistently between 1.1 nm and 1.3 nm in agreement with XRD and AFM analysis. The diffraction pattern of the trilayer nanosheets also shows the typical crystalline hexagonal MoS 2 structure which is similar to the diffraction pattern reported for chemically exfoliated 1T-MoS 2 . 37 Analysis of our Raman data in conjunction with AFM thickness measurement and TEM flake layers analysis strongly suggests that the majority of the flakes are trilayer. It has been widely acknowledged that the chemical intercalation of Figure 5 shows the UV-Visible absorption spectra of 1T-MoS 2 and 2H-MoS 2 dispersion (diluted in isopropanol). It is known that the 2H phase is semiconducting and therefore exhibits characteristic excitonic peaks that are related to its band gap. The dispersion obtained from the 2H phase showed two notable excitons at 604 nm and 667 nm that were associated with the direct-gap transition due to the energy split from valence band and spin-orbit coupling. 38, 39 After exfoliation, the two excitonic peaks (A and B) disappeared due to the phase transition from the semiconducting to metallic MoS 2 : this observation is consistent with previous reports. 10, 15 The difference in optical properties is also more evident when examining the colour of the respective phase dispersions where the 2H phase is dark yellow while the 1T-MoS 2 is dark grey. It has been shown that the complete phase transformation from 2H to 1T has never been realised using lithium intercalation Please do not adjust margins Please do not adjust margins and often the resulting structures contain a portion of both 2H and 1T phases. 15, 40 XPS was used to quantify the fraction of each phase by the deconvolution of the high resolution spectra of the Mo3d and S2p peaks and Figure 6 shows the XPS spectra of the bulk and exfoliated MoS 2. The Mo 3d spectra of bulk 2H-MoS 2 displayed a doublet with peaks at 229.2 eV and 232.4 eV that correspond to Mo 4+ 3d 5/2 and Mo 4+ 3d 3/2 , respectively. After exfoliation, a new pair of peaks emerged, in addition to the known doublet peak of Mo 4+ for 2H-MoS 2 , that are shifted to lower binding energies by ∼0.8 eV with respect to the 2H phase. Similarly, the S2p doublet also displayed a new pair of peaks at a lower binding energy of 161.5 eV (S2p 3/2 ) and 162.7 eV (S2p 1/2 ). These new pairs of peaks were due to the formation of the 1T phase. 15, 40 Deconvolution of the Mo 3d and S 2p regions indicates that the concentration of 1T phase in the nanosheets is 60%. The concentration of the 1T phase using chemical exfoliation yields between 60 to 70 %, which is in close agreement with our exfoliation method. 7, 41 The structural change from the 2H to 1T phase is attributed to the electron donation from lithium into the conduction band of MoS 2 .
31, 40 The unoccupied (4d) conduction band states in the Mo cations of the MoS 2 are lower in energy than the occupied valence electron states of lithium atoms. 26, 40 Electron transfer from lithium atoms to the unoccupied 4d orbitals occurs easily upon intercalation so that the resulting MoS 2 structure assumes a metallic nature. It has been suggested that the content of Li within the MoS 2 structures determines the most favourable phase of molybdenum disulphide. For example, when x≤0.1 (as in Li x MoS 2 structure) the intercalation proceeds without disruption of the 2H phase. However, as the concentration of Li increases above x=0.1 within the 2H-MoS 2 lattice, the distorted octahedral structure becomes more stable. 42 The analysis of the XPS data showed that the exfoliated samples contained both the 2H and 1T-MoS 2 structures. High angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was conducted on the exfoliated samples to gain further insight into the atomic structure. Figure 7 shows the high resolution HAADF STEM images of electrochemically exfoliated MoS 2 nanosheets. As expected the analysed flakes comprised of regions of 2H phase, the 1T phase and the distorted 1T phase (1T') which is in agreement with chemically exfoliated 1T-MoS 2 . 37 It has been suggested that the electron transfer from lithium into MoS 2, during intercalation, leads to structural destabilization from the ideal 1T structure. 31, 37 The Mo atoms undergo structural distortion, reducing the inter-atomic spacing which results in the formation of a characteristic zig-zag pattern (inset of Figure 7C ).
Electrochemical Application of the Exfoliated 1T-MoS 2

Hydrogen Evolution Reaction at 1T-MoS 2 .
To date, Pt-based materials are the most efficient and durable electrocatalysts for electrochemical H 2 generation. 43 Since Pt is scarce and expensive, intense research efforts have been made by the scientific community to find alternative, cheaper electrocatalysts. Transition metal dichalcogenides in general and molybdenum disulphide in particular, have recently emerged as a promising class of materials for HER electrocatalysis. 44, 45 Experimental and computational results indicated that the metallic edge (sulfideterminated Mo-edge) structures of 2H-MoS 2 crystals are the active site for HER while its basal plane remains inert towards HER because of its poor electrical conductivity. 46 Although intense studies focused on surface structure engineering of 2H-MoS 2 to increase the percentage of active edge sites, [47] [48] [49] the overall performance of 2H-MoS 2 is still limited by inefficient charge transfer and poor electrical transport between the active sites and the basal plane.
The electrocatalytic activity of our electrochemically exfoliated 1T-MoS 2 towards HER was assessed using linear sweep voltammetry and electrochemical impedance spectroscopy using a three electrode configuration in deoxygenated 0.5 M H 2 SO 4 (aq). The electrodes were prepared by drop-coating a suspension of 1T-MoS 2 onto glassy carbon electrodes to a mass loading of 12 µg cm -2 . Figure 8A shows the polarisation curve obtained at Pt, 2H-MoS 2 and 1T-MoS 2 electrocatalysts. In each case the current densities are normalized to the geometric area of each electrode and the data was corrected for iR (ohmic) drop. The 2H phase displayed an overpotential (η) of ∼ 0.25 V and reasonable current density (10 mA cm -2 ) was only seen when η exceeded 0.35 V. The low catalytic activity for HER is presumably due to the small proportion of the active edge sites as well as poor electrical transport between the active site and the basal plane. In particular, for 2D 2H-MoS 2 nanosheets, the portion of the inert basal plane is significantly larger than its edge site; this then leads to the low HER electrocatalytic current. However, the 1T phase exhibited low η of 0.13 V with substantial improvement in electrocatalytic current density (for example, 50 mA cm -2 recorded at η = 0.23 V), this observation correlates well with previously reported data. 8, 9 Voiry et al. 9 have studied the HER using the chemically exfoliated 1T-MoS 2 electrocatalyst, and observed an HER overpotential of approximately 0.25 V at a current density of ∼30 mA cm -2 . Their work also suggested that, unlike 2H-MoS 2 where the basal plane is catalytically inert towards HER, the basal plane of 1T-MoS 2 is the main active site for HER, which explains the high current density measured for the 1T-phase. 9 The reactivity of the 1T phase basal plane has also been suggested by recent density functional theory work, which indicates that the basal plane at the surface sulfur sites acts as the binding site for the hydrogen atom. 12 The measured Tafel slopes for Pt, 1T and 2H phase MoS 2 are 33, 49, and 109 mV decade -1 ( Figure 8B ) respectively, these values are consistent with previous studies. 8, 9 The proposed general models 50 , respectively. Therefore, our data suggest that the rate of the HER at the 1T phase electrocatalyst is controlled by the Volmer−Heyrovsky step while at the 2H-phase the Volmer step is the rate determining. The electrocatalytic activity of the 1T and 2H phases were also further examined by electrochemical impendence spectroscopy at η = 0.25 V vs. RHE. Figure 8C shows the resulting Nyquist plots fitted to an in the inset of Figure 8C . The Nyquist plots show one semicircle due to the R CT of HER. From the best fits of the data to the equivalent circuit, values for R CT at each electrocatalyst were obtained. For the 2H phase the R CT of HER was 320 Ω cm 2 , this value decreased to 20 Ω cm 2 with the 1T phase. The trend in the R CT values shows that charge transfer was significantly faster at the 1T-MoS 2 surface than at the 2H-MoS 2 , which is consistent with the linear sweep voltammogram data.
Electrode Material for Supercapacitors. Chhowalla et al.
recently showed that the gravimetric capacitance of a cell constructed using chemically exfoliated 1T-MoS 2 was up to 20 times higher than a cell constructed using pure 2H-MoS 2 . 7 The enhancement in capacitance seen for the former cell was attributed to its high electrical conductivity, high hydrophilicity and its ability to intercalate various ions. 7 Their work also showed that the cation intercalation process is the dominant charge storage mechanism at this novel electrode. 7 We also tested the capacitance of our electrochemically exfoliated 1T-MoS 2 in symmetrical coin cells via the cyclic voltammetric (CV) and galvanostatic charge-discharge response. The CVs obtained using electrodes made from the 2H phase displayed a gravimetric capacitance of 6 F g -1 whereas the 1T phase displayed a gravimetric capacitance of 102 F g -1 at 10 mV s -1
( Figure 9A ) which are consistent with previous reports. 7, 52 The capacitance of the 1T phase was found to be strongly dependent on the potential scan rate: at 5 mV s -1 the gravimetric capacitance was 114 F g −1 and this value decreased almost by half, to 59 F g −1 , on increasing the scan rate to 100 mV s -1 ( Figure 9B) . Similarly, the capacitance obtained from the charge-discharge curve also showed an analogous trend to the CV data where the capacitance decreased from 118 F g -1 at 0.5 A g -1 to 50 F g -1 at 5 A g -1 . The decrease in capacitance upon increasing scan rate (υ) or discharge current might be associated with the effect of ion diffusion as well as with the resistivity of the electrode. In particular, when the charge storage mechanism involves ion intercalation, the effect of ion diffusion into layered MoS 2 structure becomes more pronounced. For example, the experimental time scale could be too short to intercalate ions into the layered structures at high υ which then accounts for the low capacitance. The internal resistance of the device also contributes to the decrease in capacitance. The effect of resistance is more apparent when examining the charge-discharge curve. As shown in Figure 9D , the discharge curve shows a significant voltage drop (>0.3 V) for the cell that was constructed using 1T-MoS 2 . Therefore, increasing the conductivity of the electrode, by adding highly conductive graphene, is expected to enhance the capacitance at higher discharge currents. Herein, we fabricate a nanocomposite that consists of 1T-MoS 2 and solution exfoliated graphene (SEG) to alleviate these problems. The composite was made by mixing 1T-MoS 2 with SEG in a one to one concentration ratio and the SEM image of the membrane shows a randomly restacked layered structure ( Figure 10E and 10F) . The morphology of the composite material looks more interconnected porous and rougher surface than the individual components ( Figure S4) . Furthermore, the SEM image of pure graphene or MoS 2 shows an aggregated nanosheet. Figure 9E shows a representative Raman spectrum taken from the composite membrane. The spectrum shows the characteristic 1T-MoS 2 peaks and graphene peaks demonstrating that the two materials are uniformly mixed and distributed across the membrane. Moreover, the presence of graphene with 1T-MoS 2 in the composite did not induce a phase transition.
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The electrodes made from the composite materials displayed typical capacitive behaviour with a nearly rectangular shape and the charge-discharge curve also displayed a symmetrical linear shape with voltage drop of less than 0.1 V ( Figure 9A and 9C) . Significantly, 1T-MoS 2 /graphene electrode showed an enhanced gravimetric capacitance with little loss as the discharge current increased. For example, the composite material displayed a capacitance of 147 F g −1 at 10 mV s -1 and 120 F g −1 at 100 mV s -1
( Figure 9B ). The enhanced capacitance in the composite material was probably due to the synergistic effect between 1T-MoS 2 and graphene where graphene enhances the overall conductivity of the composite, reduces the re-aggregation of the sheets and partly contribute double layer capacitance while 1T-MoS 2 contribute pseudocapacitance through ion intercalation. 52 Indeed, the nanocomposite dispersion showed stability without any substantial sedimentation over two month whilst the 1T-MoS 2 dispersion completely aggregated over the same period of time ( Figure S6 ) which indicates that graphene plays a role in hindering the aggregation of MoS 2 . This synergy was also evident when comparing the gravimetric capacitance of pure graphene which only produced 18 F g −1 with that of the composite. Figure S5 for enlarged curve) and a transition from a linear looking feature to a classical Warburg impedance response occurred at a frequency of 2.6 Hz. These observations, together with the fact that the Bode phase angle is close to 90 ° at the composite electrode, meant that the cell is behaving close to an "ideal capacitor".
High volumetric capacitance is attractive for portable electronics and vehicles, 53 as such, we also assessed the volumetric capacitance of the cell constructed using our composite electrode. Volumetric capacitances of 560 F cm -3 at 10 mV s -1 and 458 F cm -3 at 100 mV s -1 were obtained. These values are higher than the volumetric capacitance achieved using the best performing carbonbased electrodes. 54, 55 Lin et al. 54 reported 490 F cm -3 in Li 2 SO 4 (aq) with N-doped mesoporous few-layer carbon at 2 mV s -1 and Yang et al. 55 reported ∼250 F cm -3 using restacked graphene sheets.
Acerece et al. reported ∼450 F cm -3 in KCl (aq) and 700 F cm -3 in H 2 SO 4 (aq) using chemically exfoliated 1T-MoS 2, although it is likely that the values quoted are over-estimated due to parallel hydrogen evolution reactions that will occur under acidic conditions. 7 Ghidiu et al. reported 900 F cm -3 in H 2 SO 4 (aq) at 2 mV s -1 using conducting and hydrophilic Ti 3 C 2 electrodes. 56 While the gravimetric capacitance of our composite material is in the same range as for reduced graphene oxide-based electrodes, 57 the volumetric capacitance of our composite material is twice that of most carbonbased electrodes. Galvanostatic charge-discharge cycling of the composite material between 0.0 V to 0.8 V at 1 A g -1 for 5,000 cycles exhibited excellent stability with a capacitance retention of over 92 % ( Figure 9F) . Moreover, the serial resistance of the device did not increase by any notable amount after cycling. The small loss in capacitance indicates that there is no significant reversal of the material back to the 2H-phase. This is consistent with the XPS analysis of the cycled 1T-MoS 2 electrode reported by Chhowalla et al. 7 , which showed the stability of the 1T-phase under potential cycling.
Finally, the composite electrode was tested using non-aqueous electrolytes to take advantage of their wide electrochemical window. Acetonitrile (AN) and propylene carbonate (PC) with tetraethylammonium tetrafluoroborate electrolyte were tested. As shown in Figure 10A , the AN-based electrolyte showed a potential window of ∼2.7 V whilst the PC-based electrolyte showed an enhanced potential window of 3.0 V. Furthermore, examination of the CV and charge-discharge curve showed the composite electrode produced responses that are expected for capacitive behaviour.
The volumetric capacitance of each electrolyte as a function of υ is shown in Figure 10C . Volumetric capacitances of 292 F cm -3 for AN and 247 F cm -3 for PC were obtained at 10 mV s -1 which are in close agreement with the ones obtained from charge-discharge at 0.5 A g -1 ; 287 F cm -3 for AN and 206 F cm -3 for PC. Furthermore, the composite electrode showed excellent stability in PC electrolytes with more than 96 % capacity retention after 5000 cycles while in AN the capacity retention was ∼90 % (Figure 10D ). Energy and power densities as well as gravimetric and volumetric capacitance obtained at various discharge currents in each electrolyte are shown in Table S1 . In general, the AN performed better than the PC electrolyte because of its lower viscosity, and associated lower solution resistance. In AN solutions, depending on the magnitude of discharge current, the energy densities varied between 0.08 Wh cm -3 and 0.28 Wh cm -3 with corresponding power densities between 1 W cm -3 and 18 W cm -3 , while in the PC electrolyte the corresponding values were between 0.06-0.25 Wh cm -3 and 1.7-22 W cm -3 . The Ragone plot generated using AN electrolyte in comparison to other best performing materials is shown in Figure 11 . The plot shows that the energy/power densities obtained at 1T-MoS 2 / graphene composite are much higher than that obtained at carbon-based electrodes [58] [59] [60] and slightly higher than those reported for chemically exfoliated 1T-MoS 2 electrodes (Figure 11 ). 7 This demonstrates that the 1T-MoS 2 / graphene composite are attractive electrode for portable supercapacitor devices. Figure 11 . Ragone plot obtained using best performing volumetric energy and power densities reported from various materials consisting of Li thin film battery, 61 Li-ion battery, 61 MXenes, 62 graphene, 61, 63 core/shell nanowire WS 2 , 64 1T-MoS 2 , 7 and 1T-MoS 2 /graphene composite.
In summary, a simple, scalable and rapid electrochemical method for preparation of metallic phase MoS 2 nanosheets has been developed. Our methods differ from previous work in that the use of pyrophoric materials (such as organolithium compounds or metallic Li) has been replaced with an inert Li salt and a Pt counter electrodes, which allowed the electrochemical intercalation process to be carried out with a benchtop setup. Characterisation of the exfoliated product using X-ray photoelectron spectroscopy, Raman spectroscopy and UV-visible absorption spectroscopy confirmed the formation of the 1T-phase with a concentration of ∼60 %. Importantly, this particular process can be used as a means for producing controlled trilayer MoS 2 nanosheets. As demonstrated here, the exfoliated metallic phase MoS 2 is a viable electrocatalyst for hydrogen evolution reaction and as an electrode material for supercapacitor. In particular, composite materials that were made from metallic phase MoS 2 and graphene sheets showed an enhanced volumetric and gravimetric capacitance due to the synergistic coupling between individual components. The preparative route is cheap, simple, time efficient and should ultimately support the scalable production of metallic MoS 2 as well as other transition metal dichlogenides such as WS 2 
Electrochemical Intercalation of Li
+ into MoS 2 : A MoS 2 pellet (Sigma, 99 % with an average particle size of 6 µm) or a MoS 2 natural crystal working electrode, a Pt mesh counter electrode and an Ag wire reference electrode were used for electrochemical measurements. The potential of an Ag wire was stable within a few mV over a 4 h period. The MoS 2 pellet (12 mm diameter) was made by hydraulic pressing of the powder (0.4-1.0 g) at 2.5 tons. Prior to performing electrolysis, N 2 gas was bubbled into the electrolyte for 30 min and during the electrochemical measurements an atmosphere of N 2 was maintained above the electrolyte. The electrolyte consists of 1 M LiClO 4 in a 1:1 v/v mixture of dimethyl carbonate (DMC) and ethylene carbonate (EC). Electrochemical intercalation of Li + was performed using chronoamperometry by applying a potential of −4.5 V vs Ag wire for 2 hr. The intercalated pellet was then rinsed with acetone and inserted immediately into deionised, deoxygenated water for exfoliation and followed by sonication for 30 mins. The resulting black suspension was added to a separating funnel and washed with n-hexane (50 mL) twice to extract any residual of organic impurities including the solid electrolyte interface. The concentrated black aqueous phase was collected and filtered using a PTFE membrane (0.2 µm pore size) and washed with 1 L of deionised water to remove excess lithium in the form of LiOH. The resulting washed powder was re-dispersed in deionised water and sonicated for 20 min, and then centrifuged at 1500 rpm for 30 min to remove any non-exfoliated material as sediment yielding a highly stable dispersion. powder (Sigma, 99 % with average particle size of 6 µm) dissolved in 100 mL of water/isopropanol mixture (1:1 v/v) was placed in a 250 mL round bottom flask. 66 The mixture was then sonicated in a water bath sonicator (Elmasonic P70H) which operates at 37 kHz and 40 % amplitude for 12 h while cooling to maintain a stable temperature of 15 °C. The resulting suspension was centrifuged at 6000 rpm twice for 30 min to remove any unexfoliated material. A stable dispersion of the supernatant was obtained and characterisation of the resulting suspension revealed that the exfoliated MoS 2 was in the 2H-phase.
Solution phase exfoliation of graphite:
In a similar way to the MoS 2 , 2.0 g of graphite powder (sigma) was dissolved in 100 mL of water/isopropanol mixture (1:1 v/v) and sonicated for 18 h at 37 kHz and 40 % amplitude as previously method. 66 The resulting suspension was centrifuged at 6000 rpm twice for 30 min, and the supernatant collected for analysis.
Characterisation of the Exfoliated Product:
Raman spectra were obtained using Renishaw inVia microscope with a 532 nm excitation laser operated at a low power of 0.274 mW with a 1800 l/mm grating and a 100× objective. The sample for Raman measurement was prepared by drop coating the dispersion of MoS 2 on to a Si/SiO 2 wafer which was then dried at room temperature. For AFM analysis the MoS 2 dispersion was spray coated onto a Si/SiO 2 substrate which was dried in a vacuum oven at 40 °C. SEM analysis was carried out using XL30 FEI Environmental scanning electron microscope or FEI Quanta 650 ESEM. Transmission electron microscopy and selected area electron diffraction (SAED) have been performed on FEI Talos at 200 kV. A FEI Titan 80-200 ChemiSTEM equipped with probe-side aberration correction and an X-FEG electron source was used for the aberration-corrected highresolution scanning transmission electron microscope (HRSTEM) imaging. STEM experiments were performed using an acceleration voltage of 200 kV, a convergence angle of 21 mrad and a beam current of 90 pA. The inner and outer collection angles of the HAADF detector were 48 and 190 mrad, respectively. TEM and SAED data were also acquired on the FEI Titan microscope and the samples were prepared by drop casting the dispersion on holy carbon film (300 mesh Cu, Agar Scientific) or on ultra-thin carbon support film (300 mesh Cu, Agar Scientific) TEM grid. Powder X-ray diffraction analysis was performed on free standing 1T-MoS 2 membrane using Philips X'pert PRO diffractometer with Cu Kα radiation (λ = 0.154 nm) and operating at 40 kV and 30 mA. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD spectrometer with a monochromated Al Kα X-ray source (E = 1486.6 eV, 10 mA emission), a hemispherical electron energy analyser and a multichannel plate and delay line detector (DLD). The samples for XPS were prepared by filtering MoS 2 dispersion on PVDF membrane.
UV-visible spectroscopy measurements were taken using a model DH-2000-BAL (Ocean Optics).
Electrode Preparation for Hydrogen Evolution Reaction:
Hydrogen evolution reaction measurements were performed using a three-electrode cell consisting of a 3 mm-diameter glassy carbon (GC) disk working electrode, an Ag|AgCl reference electrode, and a Pt counter electrode (area of 1.2 cm 2 ). Before use, GC working electrodes were polished with aqueous 0.3 μm alumina (Buehler, Lake Bluff, IL) slurries on felt polishing pads and rinsed with deionized water. GC electrodes were modified with 10 μL of the MoS 2 dispersion (either 1T-MoS 2 or 2H-MoS 2 ) and then dried at room temperature in air. Cyclic voltammograms (CVs) were recorded in 1 M H 2 SO 4 at 5 mV s -1 which was deoxygenated prior to use by bubbling with N 2 for 30 min. A blanket of N 2 was maintained above the electrolyte during measurements. Electrochemical impedance spectroscopy (EIS) was performed in the frequency range from 100 kHz to 100 mHz at an oscillation amplitude of 5 mV Please do not adjust margins Please do not adjust margins and an applied potential of −0.45 V vs. Ag|AgCl. Impedance spectra were fitted to a Randles equivalent circuit model using Z-view software (Scribner Associates, Inc., Southern Pines, NC).
Electrode Preparation for Supercapacitor Testing:
MoS 2 electrodes were prepared by filtering a known volume of the dispersions onto a pre-weighed PVDF filter using a syringe pump dispenser (New Era Pump Systems, Inc, NY). The MoS 2 membranes were then dried at room temperature in air. Coin cell assembly was prepared in standard CR2032 coin cell hardware with symmetrical active materials. The cells were assembled by stacking two symmetrical membranes back-to-back with the active material contacting the current collector. 52 A few drops of the desired electrolyte (deoxygenated 6.0 M KOH (aq) or 1.0 M tetraethylammonium tetrafluoroborate ([TEA][BF 4 ]) in acetonitrile or propylene carbonate) was added to fill the electrode before the coin cell was sealed using a hydraulic crimping machine (MSK-160D). Coin cell assembly was carried out in an Ar-filled globe box for the case of organic electrolytes. Gravimetric capacitance, volumetric capacitance, energy and power density were calculated using the best practice methods established in literature. 
